Abstract. With its precise, sensitive, and nondestructive features, spectral unmixing-based fluorescence resonance energy transfer (FRET) microscopy has been widely applied to visualize intracellular biological events. In this report, we set up a spectral wide-field microscopic FRET imaging system by integrating a varispec liquid crystal tunable filter into a wide-field microscope for quantitative FRET measurement in living cells. We implemented a representative emission-spectral unmixing-based FRET measurement method on this platform to simultaneously acquire pixel-to-pixel images of both FRET efficiency (E ) and acceptor-to-donor concentration ratio (R C ) in living HepG2 cells expressing fusion proteins in the presence or absence of free donors and acceptors and obtained consistent results with other instruments and methods. This stable and low-cost spectral widefield microscopic FRET imaging system provides a new toolbox for imaging molecular events with high spatial resolution in living cells.
Spectral wide-field microscopic fluorescence resonance energy transfer imaging in live cells Lili Fluorescence resonance energy transfer (FRET) has been extensively applied to visualize the fundamental physicochemical processes of molecular binding, association, conformation change, diffusion, and catalysis in living cells. 1, 2 Famous as a "nanoruler," 1 to 20 nm of dynamic spatial range is just the biological scale of intramolecular and intermolecular distances. [3] [4] [5] Genetically encoded fluorescent proteins (FPs)-based biosensors make FRET technology capable of resolving dynamic signaling events inside living cells without influencing normal physiological activities. 6 Microscopic FRET imaging can visualize subcellular temporal-spatial processes in situ. 7, 8 Sensitized emission-based FRET quantification, the most widely used FRET imaging approach for dynamic FRET applications in living cells, can be divided into two categories: threecube method 9, 10 and spectral unmixing method. 11, 12 Recently, the three-cube method for two-fluorophore FRET quantification has been developed to resolve multicolor FRET signals with multicube combinations. 13, 14 Spectral unmixing methods, including sRET, 15 lux-FRET, 16 SpRET, 12 Iem-spFRET, 17 and ExEm spectral unminxing, 18 have growing impacts on FRET quantification with substantially enhanced precision and sensitivity compared to the cube method.
Spectral unmixing-based FRET imaging is commonly implemented on confocal microscope with spectral detectors. 12, 15, 17, 18 Accurate calibration of instrument is a prerequisite for quantitative FRET measurement. 12, 16 Although a confocal microscope is characterized by highly automated operation, its status is mutable, and the correction coefficients for FRET quantification depend on fluorescence intensity or FPs' expression levels that vary largely among cells. [19] [20] [21] Hence, rigorous system calibration and signal correction are generally needed for almost every quantitative FRET measurement with a confocal microscope, which is very tedious and difficult even for the experts on live-cell FRET application. 21 In contrast to confocal microscope, previous reports and our studies have shown that the status and performance of wide-field microscopes are quite stable for at least 3 months. 11, [19] [20] [21] However, to our knowledge, there is no report about spectral unmixing-based live-cell FRET imaging on wide-field microscope, presumably due to the great challenge in simultaneously collecting a spatial fluorescence signal and spectral information.
In this study, we integrated a varispec liquid crystal tunable filter (LCTF) into a wide-field microscope to develop a spectral wide-field microscopic FRET imaging system for spectral unmixing-based quantitative FRET imaging in living cells. In order to verify this spectral wide-field FRET imaging system, we implemented a spectral unmixing FRET quantification method (Iem-spFRET) on our platform to acquire FRET efficiency (E) and acceptor-to-donor concentration ratio (R C ) images for fusion proteins in the absence or presence of free acceptors and donors in live HepG2 cells. This report provides a stable platform to perform a spectral unmixing-based FRET quantification method, which not only steps into the vacuum to implement spectral unmixing FRET imaging with a widefield microscope but also takes the stability and low-cost of the platform into account.
Materials and Methods

Spectral Wide-Field Microscopic Fluorescence
Resonance Energy Transfer Imaging System Figure 1 depicts the schematic of our spectral wide-field microscopic FRET imaging system, which consists of a widefield microscope (Axio Observer, Carl Zeiss, Oberkochen, Germany) and an LCTF (Varispec LCTF, VIS-10-20-STD, CRI, Cambridge), which bridges the emCCD (DU-897U-CS0-EXF, Andor, Belfast, England) and microscope with standard C ports. The inverted wide-field fluorescence microscope is equipped with a metal halide lamp (X-Cite 120Q, Lumen Dynamics, California), a 40× oil immersion 1.3 NA objective, a threehole excitation filters' plan, a neutral density filters' wheel, and a dichroic mirror (455DCLP, Chroma). The excitation wavelength is alternatively selected with two bandpass excitation filters of 405/20 nm (405-nm excitation) and 436/20 nm (436-nm excitation) (Chroma) by pushing or pulling the mobilizable three-hole plan. The excitation intensity is controlled by switching different luminosities (0%, 12.5%, 25%, 50%, 100% of the total luminosity) of the metal halide lamp and/or turning the neutral density filters' wheel between different attenuation degrees (2%, 20%, 40%, 50%, 70%, 100%, from 6 to 1 in Fig. 1 ). The dichroic filter can reflect the shorter-wavelength excitation light and pass the longer-wavelength emission light of the sample.
The Varispec LCTF that we used has a wavelength range of 400 to 720 nm, bandwidths [full-width at half-maximum (FWHM)] of 10 nm, and tunable time resolution of 20 ms.
Iem-spFRET Method
The Iem-sp-FRET method was described in detail in our recent work, 17 and can be summarized as the following main steps and final equations: (1) calibration of imaging system with a standard lamp, (2) measurement of the emission spectral fingerprints of the donor [e D ðλÞ] and acceptor [e A ðλÞ], (3) determination of the extinction coefficient ratio (γ i ) of acceptor to donor at each excitation wavelength i with a reference tandem sample according to E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 1 0
where Φ is the theoretical fluorophore quantum yield ratio of the acceptor to donor, E is the FRET efficiency of the reference tandem sample, which should be known or predetermined by another FRET quantification method, (4) acquiring spectra SðλÞ of the FRET sample at each of two excitation wavelengths, (5) unmixing every spectrum with the fingerprints of the donor and acceptor as E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 . 2 ; 3 2 6 ; 6 7 9
SðλÞ ¼ α · e D ðλÞ þ β · e A ðλÞ to determine the apparent concentration ratio of donor to acceptor:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 6 2 6
and (6) calculating the E and R C with the γ and δ at two excitation wavelengths, E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 6 8 
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 5 2 2
The subscripts of 405 and 436 denote the excitation wavelengths of 405 and 436 nm, respectively, used in this report.
Partial Acceptor Photobleaching-Based Fluorescence Resonance Energy Transfer Methods
Partial acceptor photobleaching-based FRET (PbFRET) quantification, a calibration-free method, was used as a reference method in this report. 5, 22 PbFRET methods are usually implemented either by simultaneously detecting the fluorescence intensity in both the donor and acceptor channels at donor excitation or by separately determining the acceptor photobleaching degree x in the acceptor channel at a selective acceptor excitation and as the donor intensity increases by multiple RðxÞ in the selective donor detection channel at donor excitation before and after partially photobleaching the acceptors. [22] [23] [24] The latter implementation, put forward by Elder et al. (E-PbFRET) for a single-acceptor FRET construct, 22 has been perfectly developed to quantify the multiple-acceptor FRET construct by our group. 5, 25, 26 For a one-acceptor FRET construct, according to E-PbFRET theory, 22 we can determine E with E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 2 3 3
For a multiple-acceptor FRET construct (1D ∼ nA, n-acceptor FRET construct), partially photobleaching acceptors of 1D ∼ nA constructs lead to a complicated system consisting of n þ 1 kinds of constructs, written as a general symbol ðn − iÞT ∼ 1D ∼ iA (i-acceptor FRET construct, T stands for the photobleached acceptor), with different FRET efficiencies E i and proportions P i ðxÞ ¼ C i nð1 − xÞ i x n−i complying to binomial distribution theory. Then RðxÞ is a linear combination of P i ðxÞ: 5 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 8 9 RðxÞ ¼ where y i ¼ ð1 − E i Þ∕ð1 − E n Þ are the linear proportional constants that can be acquired by fitting with the RðxÞ and x according to Eq. (5) . Then E n of the n-acceptor FRET constructs can be calculated with the first fitting constant y 0 :
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 6 9 0 E n ¼ 1 −
Microscopic Imaging
For spectral imaging, 405-and 436-nm excitations were attenuated to 0.25%, 0.5%, or 1% according to the expression level of the FPs. Emission was scanned at a step resolution of 13 nm in the range of 464 to 607 nm for donor-only and acceptor-only samples or 464 to 555 nm for FRET samples with LCTF, and the corresponding 12/8 spectral images at each excitation were acquired with emCCD. For E-PbFRET and Mb-PbFRET measurements, 5,22 a BP436/25-FT455-BP480/40 nm combination was used for donor (Cerulean) detection, a BP510/17-FT520-LP530 nm combination was used for acceptor (Venus) detection, and acceptors were selectively photobleached with a high intensity of excitation light selected with the BP 510/17-nm filter. emCCD was typically run in 4 × 4 binning mode and the background (BG) was removed with the average reading the nonfluorescent cell area of each image.
Cell Culture, Transfection, and Plasmids
HepG2 cells, a human hepatocellular carcinoma cell line, were obtained from the Department of Medicine, Jinan University, Guangzhou, China. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Grand Island, New York) containing 10% fetal calf serum (FCS; Sijiqing, Hangzhou, China) at 37°C under 5% CO 2 in a humidified incubator.
For transfection, cells were cultured in DMEM containing 10% FCS in a 35-mm glass dish with a density of 4 × 10 4 cells∕ml at 37°C under 5% CO 2 in a humidified incubator. After 24 h, when the cells reached 70% to 90% confluence, plasmid was transfected into the HepG2 cells for 24 to 48 h. Lipofectamine 2000 (Invitrogen, Carlsbad) was used as a transfection reagent.
Cerulean (C, donor) and Venus (V, acceptor)-Kras plasmids were purchased from Addgene Company (Cambridge, Massachusetts). The FRET-standard constructs, including C-TRAF-Venus (CTV, the TRAF is a tumor necrosis factor receptor-associated factor domain including 229 amino acid), Cerulean-32-Venus, (C32V, Addgene plasmid 29396), Cerulean-5-Venus-5-Cerulean (CVC, Addgene plasmid 27788), and Venus-5-Cerulean-5-Venus (VCV, Addgene plasmid 27788), were kindly provided by the Vogel lab (National Institutes of Health, Bethesda, Maryland). 15, 27 3 Results and Discussion
Calibration and Spectral Fingerprints
Photobleaching of fluorophores during spectral imaging should be rigorously controlled for quantitative FRET measurement on our spectral wide-field imaging system. Figure 2(a) showed the representative time-lapse images of a living HepG2 cell expressing C32V with 1%, the strongest excitation intensity in our all experiments, of 436-nm excitation. The constant fluorescence intensities of five living cells expressing C32V with 1% of 436-nm excitation during time-lapse imaging indicated a negligible photobleaching [ Fig. 2(b) ]. Photobleaching was also negligible in our experiments with 1% of 405-nm excitation (data not shown) due to lower extinction coefficients of both Cerulean and Venus at 405 nm than that at 436 nm. 28 Rigorous spectral-sensitivity calibration of the instrument is the premise of accurate measurement for Iem-spFRET. We calibrated our spectral wide-field microscopic imaging system with a standard calibration light source (CLS, LS-1-CAL, Ocean Optics, Florida) that was placed on the objective, taking the place of samples to acquire the spectral images of CLS [ Fig. 2(c Fig. 2(c) , second row], as well as the spectral response of our spectral widefield microscopic imaging system. Throughout the paper, all spectra were calibrated with the response function in Fig. 2(d) .
The 405-and 436-nm excitations on our spectral wide-field microscopic imaging system share the same dichroic mirror, wavelength range, and emCCD. Therefore, our system with each of the two excitations has the same response function, which largely improves the accuracy of the response measurements compared to the usually used different dichroic mirrors for different excitation wavelengths. 12 In addition, the quantum efficiency of emCCD that we used in the wavelength range of 464 to 607 nm is larger than 85%, making our system very sensitive even for dim light. Moreover, the high sensitivity of our system can be directly calibrated with the precalibrated CLS, which largely simplifies the operation and, in turn, improves the accuracy of instrument calibration compared to the calibration with a high power light source that should be precalibrated with CLS. 11, 17 In fact, the calibration step is not mandatory for every measurement as our spectral wide-field microscope is very stable in a relatively long time period and we only need to calibrate it periodically.
Living HepG2 cells exclusively expressing Cerulean or Venus-Kras plasmid were used to obtain the spectral fingerprints of donors and acceptors. In reality, the spectral fingerprints of donor and acceptor are independent of the instrument and illumination; thus, they can also be obtained with other instruments such as a spectrofluorometer. 16 Moreover, once the fingerprints were determined, we need not measure them for every experiment in a specific cell line. In order to insure accurate spectral unmixing, the wavelength range of fingerprints should overlap well with the total donor and acceptor emission spectra. The spectral ranges chosen in this study fulfill this requirement [ Fig. 2(e) ].
Determination of γ 405 and γ 436
We used living HepG2 cells expressing CTV plasmid to measure γ 405 and γ 436 of Venus to Cerulean on our spectral widefield microscopic imaging system through the following three steps: (1) measuring the FRET efficiency (E) of CTV in living HepG2 cells; (2) acquiring the spectra of living HepG2 cells expressing CTV with 405 and 436 nm excitation, respectively, to determine the γ 405 and γ 436 on our system according to Eq. (2); (3) calculation of γ 405 and γ 436 according to Eq. (1), where Φ ¼ 0.919 is the quantum yield ratio of Venus (0.57) to Cerulean (0.62). 29, 30 The E of CTV was measured with the E-PbFRET method. Figure 3(a) showed the representative fluorescence images of donors with a donor-filter combination before (D) and after (DP) partially photobleaching acceptors and that of acceptors with the acceptor-filter combination before (A) and after (AP) partially photobleaching acceptors of CTV. The corresponding pixel-to-pixel pseudo-color E image and histogram of living cells expressing CTV were also shown in Fig. 3(a) . The E image was mostly blue mixed with some small areas of green, indicating a near zero E value and the corresponding histogram gave a peak value of 3.5% [ Fig. 3(a) ]. The average E of CTV measured by E-PbFRET method was 4.3% AE 6.2% (n ¼ 25), consistent with the results of 6.3% AE 2.6% measured by fluorescence lifetime imaging microscopy (FLIM), and 1.7% AE 7.0% measured by sRET in Vogel's laboratory. 15 The spectral images of living cells expressing FPs with 405-or 436-nm excitation were accordingly named as the S 405 and S 436 stacks throughout the article. Figure 3(b) showed the representative S 405 and S 436 stacks of living cell expressing CTV, Fig. 3(c) showed the corresponding pixel-to-pixel pseudo-color γ 405 and γ 436 images, and Fig. 3(d) showed their histograms, indicating a peak value of about 0.29 and 0.395, respectively. The average peak values of γ 405 and γ 436 of Venus to Cerulean in living HepG2 cells on our spectral wide-field microscopic imaging system were 0.29 AE 0.03 and 0.41 AE 0.06 from 15 histograms.
Extinction coefficient ratios of fluorophores depend not only on their absorption spectra that may be affected by the physiological environments, but also on the optical transmission properties of the instrument used. 1, 16 Although predeterminations of the extinction coefficient ratios of fluorophores at two excitations are indispensable, this step is not necessary for every FRET measurement. Once γ 405 and γ 436 are determined, we need not measure them for subsequent FRET measurements for the specific cell lines and imaging system even when we change the emission optical path and/or detector, because they are independent of the emission properties of the imaging system, and only relate to the absorption spectra of the fluorophores and the excitation spectra intrinsic to the photophysical features of the excitation light source and the excitation transmission characteristics of imaging system. 
Evaluation of the Spectral Wide-Field Microscopic System for Quantitative Fluorescence Resonance Energy Transfer Imaging
To evaluate our spectral wide-field microscopic FRET imaging system, we implemented Iem-spFRET method on this system to measure the E and R C values of C32V, CVC, and VCV constructs inside living HepG2 cells. (1) Spectra had a higher emission at the acceptor's peak wavelength largely due to the energy transfer; (2) spectra with the 405-nm excitation had a higher donor peak and a lower acceptor peak than that with the 436-nm excitation due to γ 405 < γ 436 . E histograms exhibited the peaks of ∼30% for C32V and ∼45% for CVC as well as ∼65% 15, 31 The corresponding R C histograms revealed their concentration ratio between Venus and Cerulean: ∼0.98 for C32V, ∼0.50 for CVC, and ∼1.95 for VCV [ Fig. 4(c) , bottom row]. The statistical R C peaks from at least six frames were 0.98 AE 0.05 for C32V, 0.52 AE 0.27 for CVC, and 2.03 AE 0.78 for VCV, in agreement with the corresponding theoretical values of 1, 0.5, and 2.
In principle, spectral unmixing-based FRET quantification methods including sRET, 15 SpRET, 12 and lux-FRET 16 can also be implemented on our spectral wide-field microscopic imaging system. In reality, lux-FRET had been successfully implemented on our wide-field microscopic FRET system to measure the E values of constructs in single living cells (data not shown). In addition, this spectral wide-field microscopic FRET imaging system can be developed to implement excitation-emission (ExEm) spectral unmixing-based FRET method 18 and multicolor FRET imaging 13, 14 by adding appropriate excitation filters and dichroic mirrors, which has been experimentally completed by our group and we will publish these data in the near future.
We note that some pixels in the pseudocolor maps present abnormal E or R C values [ Fig. 4(c) ], which may be due to the long detection time for the spectral image-stacks. Our spectral wide-field imaging system is still in the stage of completely manual operation. By considering exact match of the spectral images to the emission wavelength scanned by the Varispec LCTF, we chose a relative long exposure time of 300 to 1000 ms for imaging, and a time interval of 2000 ms for both time-lapse detection and LCTF wavelength scanning. The entire process to acquire S 405 and S 436 stacks including the interval between two excitation wavelengths switching takes about 50 s, which was a relatively long time for molecular mobility in living cells and noise variability of emCCD as well as power stability of the excitation light source. These problems would be greatly weakened if the spectral wide-field imaging system could be electric controlled and automatically matched, which is currently under our research.
E and R C histograms of fusion FRET proteins with specific stoichiometry and distance between acceptor and donor exhibit a wide distribution [ Fig. 4(d) ], and similar reports have been published recently, 12, 15 which may largely owe to the randomness of protein expression level in living cells. Although donor and acceptor DNA fragments are linked with fixed amino acids, they are still able to transcribe and translate independently. Hence, the inconsistent expression of donor and acceptor DNA fragments would lead to distributions of both E and R C deviating from the theoretical values. In addition, the mobility of fluorescent molecules in living cells described in above paragraph may also result in the distribution of both E and R C values.
The LCTF consists of several cascaded stages of a Lyot birefringent filter that has been made tunable with the addition of a liquid crystal layer in each stage, and the narrow bandpass is obtained by using successive stages to suppress the out-ofband transmission of the previous stage. 32 Thus, LCTF acts like a filter wheel with a very large number of narrow bandpass filters, which have a high rejection ratio for out-of-band transmission. 33 Although LCTF is particularly designed for spectral scanning and has been widely used in many research fields, the low transmission rate in the range of 460 to 600 nm has hindered its use for FRET quantification. 34 With the development of relevant technology, increase of transmission rate in the range of 460 to 600 nm (LCTFs, Data Sheet) 35 makes LCTF be successfully used for our spectral wide-field microscopic FRET imaging system. However, the relatively low transmission rate of LCTF in the range of 460 to 480 nm wavelength range [ Fig. 2(d) ], just the peak of Cerulean, is still a hinder for high-quality spectral FRET imaging especially for the 405-nm excitation of FRET constructs with large E value [ Fig. 2(d) ]. Even so, it can be seen from our results that our spectral wide-field imaging system can quantify FRET constructs with E as high as ∼70% [Fig. 4, last column] . Moreover, this issue can be greatly improved for GFP-YFP and YFP-mCherry as well as YFP-RFP pairs.
We here for the first time performed a spectral unmixingbased FRET microscopic imaging in single living cells on a wide-field microscope by combining the spatial filtering character of LCTF and the imaging function of wide-field microscope. Compared with confocal microscopic system, the spectral wide-field microscopic imaging system reduced the cost from about 350,000 dollars to about 50,000 dollars. Moreover, the spectral wide-field microscopic imaging system is very stable from every starting up to at least 3 months, while confocal microscope must be calibrated for every power-on. Therefore, we can directly implement FRET quantification measurement on the spectral wide-field microscopic imaging system without calibration for at least 3 months once the system was precalibrated, which greatly improves research efficiency due to the circumvention of additional reference samples or complex calibration procedure in every measurement. Additionally, we can flexibly install filters or transform light paths in wide-field microscope to meet more demands. Because of a small size of 8.5 × 5 × 5 cm 3 and a common USB line, the portable LCTF can be easily integrated to a wide-field microscope with detachable standard C ports and electric controlled with open software developer's kit, which would largely extend the live-cell application of FRET technology, especially FRET imaging for subcellular localization or dynamic protein-protein interaction in living cells. The Varispec LCTF family includes six models with different wavelength scanning ranges and different bandwidths (FWHM), and the total wavelength range covers 400 to 2450 nm, the narrowest FWHM is 0.25 nm, and the widest FWHM is 20 nm. Note that the FWHM could not be changed for a specific LCTF model, such as the LCTF we used has a fixed FWHM of 10 nm and a wavelength range of 400 to 720 nm.
Fluorescence Resonance Energy Transfer
Imaging in the Presence of Free Donors and Acceptors
We next implemented Iem-spFRET method on our spectral wide-field microscopic FRET imaging system for the living HepG2 cells coexpressing free Cerulean(C) and free VenusKras(V), C32V and free V as well C32V and free C, respectively. As we can see from Moreover, pseudocolor images and histograms showed no FRET and a variable distribution of R C for C+V sample, a restricted distribution of E values but a variable distribution of R C for C32V+V sample, and variable distributions of both E and R C for C32V+C sample (Fig. 5) . Similar results have been reported in recent publications. 12, 17 In fact, in the presence of free donor and/or acceptor, the E value we measured is the apparent FRET efficiency normalized to donor concentration. 22 Therefore, it is reasonable that the E values did not change in the presence of free acceptor (V) but decreased in the presence of free donor (C) with an inversely proportional relation to the free donor fraction. The R C that we measured is the total concentration ratio of acceptor to donor, so it should decrease in the presence of free donors but increase in the presence of free acceptors. In addition, from samples expressing unlinked Venus, C+V, and C32V+V, we can find two facts: (1) cellular outlines exhibit larger R C values [ Fig. 5(a) , bottom row, first two columns], which is resulted from the fact that Venus-Kras is a membrane protein; but (2) their E images presented almost uniform values in cells [ Fig. 5(a) , top row, first two columns], which is owed to effective subtraction of the acceptor excitation crosstalk, a key issue for quantitative FRET measurement, 22 from the total acceptor emission in Iem-spFRET approach.
Conclusions
In this report, we set up a spectral wide-field microscopic FRET imaging system by integrating a LCTF into a wide-field microscope. Our system can be used to implement all emissionspectral unmixing FRET imaging. Moreover, this platform can be also developed to implement recently arisen ExEm unmixingbased imaging and multicolor FRET imaging. This stable and low-cost spectral wide-field microscopic FRET imaging system provides a new toolbox for imaging intracellular molecular processes with high spatial resolution in living cells, which would largely extend the live-cell application of FRET technology.
